Cardiovascular disease (CVD) is an important cause of morbidity and mortality in dialysis patients. Brachial-ankle pulse wave velocity (baPWV) is more efficient to handily assess arteriosclerosis than aortic PWV. The cardio-ankle vascular index (CAVI) is also a novel blood pressure-independent arterial stiffness parameter. In dialysis patients, both baPWV and CAVI are increased compared to general subjects. Several studies have demonstrated that increased baPWV is associated with carotid atherosclerosis and diastolic left ventricular dysfunction in hemodialysis (HD) patients. In addition, higher baPWV is related to all-cause and cardiovascular (CV) mortality. CAVI is similarly associated with CVD. However, baPWV is superior to CAVI as a predictor of CV outcomes in HD patients. Besides these outcomes, a close relationship exists between sarcopenia, abdominal visceral obesity and arterial stiffening. Reduction of thigh muscle mass is inversely correlated with baPWV and CAVI in males. Abdominal fatness is also associated with increased arterial stiffness in females. These observations provide further evidence of higher risk of CV events in HD patients with sarcopenic obesity. In addition, arterial stiffness is associated with cerebral small vessel disease and decreased cognitive function in the elderly. However, it is unknown whether arterial stiffness may be useful as an early indicator of cognitive decline in dialysis patients. Because dialysis patients are at risk of developing dementia, more studies are needed to elucidate the causal link between arterial stiffness and cognitive impairment.
Introduction
Arterial stiffness is based on structural alterations occurring before plaque or thrombosis formation in muscular and elastic vessels and is used as a surrogate marker of arteriosclerosis. There are several methods to assess pulse wave velocity (PWV); the most frequent methods are carotid-femoral PWV (cfPWV) and brachial-ankle PWV (baPWV). However, baPWV is time-efficient and technically simple; thus, measurement of baPWV is currently prevalent especially in eastern Asian countries.
The cardio-ankle vascular index (CAVI) is a novel index which measures the overall stiffness of the artery from the origin of the aorta to the ankle according to the theory of stiffness parameter β. CAVI is less dependent on blood pressure at the time of measurement than PWV. CAVI also reflects smooth muscle cell contracture, so it might be useful in evaluating the real effects of blood pressure control on the muscular arteries [1] .
In this review, we focus on the impact of arterial stiffening on clinical outcomes in dialysis patients. Bedsides well-known outcomes such as cardiovascular (CV) events and mortality, we discuss a plausible association of arterial stiffness with changes of body composition, such as sarcopenia and abdominal adiposity, and impaired cognitive function.
Arterial Stiffening and Mortality baPWV
In the general population, increased baPWV is an independent predictor of mortality. There was a 6.8-fold higher risk of all-cause mortality in subjects with baPWV >17.0 m/s when compared to those with baPWV <14.0 m/s [2] . Similarly, baPWV >17.0 m/s is associated with poorer survival prognosis in diabetic patients with coronary artery disease (CAD) [3] . In hospitalized patients with acute ischemic stroke, those with higher baPWV (>22.63 m/s) are at an increased risk for both all-cause and CV death compared to those with baPWV <17.79 m/s [4] .
In patients with chronic kidney disease (CKD) stages G3-G5, baPWV decreases with a decline in the glomerular filtration rate [5] . Increased arterial stiffening causes a greater transmission of systolic blood pressure to the glomerular capillaries, thereby leading to an exacerbation of glomerular hypertension, a main determinant of progressive kidney damage. baPWV >19.4 m/s is also independently associated with progression to commencing dialysis or death [5] .
Kitahara et al. [6] first demonstrated that baPWV >23.8 m/s was independently associated with all-cause mortality in patients on chronic hemodialysis (HD). They also found that increased baPWV was an independent predictor of all-cause and CV mortality in patients with an ankle-brachial index (ABI) of ≥ 0.9 [6] . Higher baPWV ( ≥ 18.0 m/s) was also associated with cardiovascular mortality in patients with a normal ABI [7] . However, in HD patients, ABI is more useful than baPWV in predicting CV morbidity and mortality [8] [9] [10] .
CAVI
Few studies examined whether CAVI can predict survival prognosis. We previously conducted a 39-month observational study and found that CAVI was not associated with total mortality in HD patients [9] . In addition, baPWV is superior to CAVI in predicting all-cause and CV death in HD patients aged 55-70 years with a normal ABI [11] .
Arterial Stiffening and CV Events
baPWV baPWV exhibits a close association with the classical Framingham risk score similar to cfPWV, the golden index of arterial stiffness [12] . baPWV is comparable to cfPWV in predicting the presence of stroke and CAD in the general population [12] . Higher baPWV is an independent predictor of CV events occurring after hospitalization ( ≥ 17 m/s) and of a major CV event ( ≥ 18 m/s) in patients with acute coronary syndrome [13] . Increased baPWV (>18 m/s) is also associated with an incident CV event in the general subjects without a history of cardiovascular disease (CVD) [14] . A large-scale cohort provided evidence that baPWVs of 14 and 24 m/s are statistically adequate cutoff points for CV events and mortality in patients with type 2 diabetes mellitus (DM), excluding those with an ABI of <0.9 [15] . baPWV (>22.25 m/s) has an independent prognostic value for predicting functional outcome assessed by the modified Rankin Scale score 3 months after first-ever acute cerebral infarction [16] .
In predialysis CKD patients, baPWV is associated with the severity of stenosis at carotid and intracranial arteries [17] . There is also a positive relationship between higher baPWV and more advanced carotid arteriosclerosis [18] and left ventricular dysfunction [19] in HD patients. However, baPWV is not useful for stratifying the risk of CV morbidity such as cardiac, cerebrovascular, and peripheral artery events during the 5-year follow-up in chronic HD patients [8] .
CAVI
CAVI is elevated in persons who are at a high risk for CVD [20] . CAVI correlates positively with maximal intima-media thickness (IMT) of the common carotid artery in patients undergoing coronary angiography (CAG) [21] . CAVI is also positively correlated with coronary artery calcification in DM patients [22] . A persisting increment of CAVI is also an independent risk factor of future CVD events in patients with CAD [23] . In HD patients, CAVI >7.55 is predictable of CVD with both a sensitivity and specificity of 0.79 [24] . CAVI is also more predictable of the percentile of histological fibrous area at the brachial artery wall than baPWV [25] .
The associations of baPWV and CAVI with mortality, morbidity and arteriosclerotic changes are summarized in table 1 . Values are presented as means ± SD unless otherwise indicated. ND = Not described.
Comparison between baPWV and CAVI
In patients undergoing CAG, CAVI is more closely associated with carotid IMT and the presence of multiple vessel disease than baPWV [26] . CAVI, but not baPWV, is also correlated with the parameters of left ventricular diastolic indices from echocardiography in patients with chest pain syndrome who have undergone CAG [27] . Taken together, CAVI may be more related to arteriosclerosis than baPWV in patients with CVD.
In HD patients, both baPWV and CAVI have identical power to predict maximal carotid IMT. The CAVI value is increased just after a HD session when the fluid removal rate is >5% of the dry weight, indicating that CAVI is easily influenced by excess fluid removal [28] . We also showed that baPWV >16.6 m/s was an independent predictor of CV events, while CAVI was not in HD patients with an ABI ranging from 0.9 to 1.3 [11] . It follows from these observations that baPWV may be superior to CAVI as a surrogate marker of arteriosclerosis in HD patients. The measurement of CAVI is adjusted by the equation of stiffness β, which is essentially applied to a portion of the aorta. Since CAVI is inversely correlated with the calcified area of the aortic wall in HD patients [29] , advanced aortic calcification may attenuate smooth muscle contractility of the elastic aorta, thereby leading to underestimation of their values.
It is generally accepted that stiffness of the brachial artery is less affected by age than stiffness of the aorta. The physiological gradient of stiffness between the aorta and the peripheral artery is hypothesized to mitigate the transmission of forward travelling wave energy into the microcirculation, therefore providing protection against pulse pressureinduced changes in microvasculature. In HD patients, a reduction of brachial stiffness was inversely associated with basal aortic stiffness, indicating that a regression of brachial stiffness may be an adaptive response to an increased aortic stiffness [30] . Recently, aorticbrachial mismatch of arterial stiffness, assessed by the ratio of cfPWV to carotid-radial PWV, has been shown to be more associated with overall mortality than cfPWV in HD patients [31] . Because baPWV and CAVI assume that the arterial tree is homogeneous, further studies are needed to evaluate PWV based on the exploration of the heterogeneity of the arterial tree.
Arterial Stiffening and Body Composition
Recently, changes of regional body composition, especially reduced thigh muscle mass and increased abdominal fatness, have been shown to be closely related to arteriosclerotic changes in the general and dialysis populations.
Decreased Muscle Mass Volume
In patients with hemiparesis, baPWV is greater on paretic legs than on nonparetic legs in association with loss of muscle mass [32] . On computed tomography (CT), a mid-thigh muscle area was negatively correlated with baPWV in male subjects [33, 34] . The ABC study also showed that higher PWV is associated with a more profound decline of the sarcopenic index in older men aged 70-79 years [35] . CAVI is also related to the skeletal muscle mass index in community-dwelling older adults [36] . Similarly, the thigh muscle mass area is reported to be positively correlated with baPWV and CAVI in HD patients [37] .
Increased Abdominal Fatness
The abdominal visceral fat mass is positively related to cfPWV in healthy subjects [38] . The ratio of appendicular skeletal muscle mass index to visceral fat area, a novel index of sarcopenic obesity, is an independent predictor of baPWV [39] . cfPWV was also associated positively with body fat mass volume and negatively with fat-free mass volume at the extremities of Asian Indian patients with type 2 DM [40] .
There is also a positive relationship between the abdominal visceral fat area and baPWV in diabetic HD patients [41] . An inverse association was found between abdominal visceral fatness and baPWV in female HD patients [42] . In peritoneal dialysis patients, fat mass volume measured by multiple frequency bioelectrical impedance analysis was also associated positively with cfPWV [43] .
Underlying Mechanisms between Arterial Stiffening and Changes of Body Composition
There are plausible mechanisms that explain why muscle wasting and abdominal adiposity may be associated with arterial stiffness in HD patients ( fig. 1 ) . First, recent studies have suggested that both increased PWV [44] and thigh sarcopenia [45] are correlated with testosterone deficiency, especially in men. Because testosterone is a vasoactive hormone that predominantly has vasodilatory action on vascular beds [46] , and it enhances Sarcopenia Visceral adiposity
Arteriosclerosis (arterial stiffening)
Physical inactivity, smoking, inadequate dietary food intake, hypertension, hyperglycemia, dyslipidemia, testosterone deficiency, GH/IGF-I deficiency, insulin resistance, oxidative stress Hyperphosphatemia, vitamin D deficiency, increased FGF-23, decreased Klotho, hypercatabolism, inflammation, metabolic acidosis, increased myostatin Fig. 1 . Possible underlying mechanisms between sarcopenia, visceral obesity, vascular calcification and arteriosclerosis. Lifestyle-and age-related factors such as physical inactivity (sedentary life), smoking, inadequate dietary food intake, hypertension, hyperglycemia, dyslipidemia, deficiency of sex hormone (testosterone, estrogen), growth hormone (GH), and insulin-like growth factor-1, insulin resistance, and oxidative stress could lead to skeletal muscle mass loss (sarcopenia), abdominal adiposity, and vascular calcification, thereby resulting in an exacerbation of arteriosclerosis. In addition, the uremia-related factors such as vitamin D deficiency, hypercatabolism, chronic inflammation, metabolic acidosis, and increased myostatin expression result in skeletal muscle atrophy. CKD-related mineral and bone disorders such as hyperphosphatemia, increased fibroblast growth factor-23 and decreased arterial Klotho protein also accelerate vascular calcification, a major mediator of arteriosclerosis. Increased adipose tissue increases macrophage infiltration in the tissue and enhances production of proinflammatory cytokines such as tumor necrosis factor-α and interleukin-6, accompanying with dysregulated secretion of leptin and adiponectin. These adipokines can provoke adverse effects on skeletal muscle. Decreased skeletal muscle mass reduces basal energy expenditure and lowers muscular interleukin-15 production, which works to prevent the differentiation of adipocytes. In addition, sarcopenia and abdominal fatness also induce insulin resistance, and additively facilitate arteriosclerotic processes.
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degradation of elastin matrix proteins via increased matrix metalloproteinase-2 in arterial smooth muscle cells [47] , low testosterone may facilitate atherogenesis and skeletal muscle wasting.
Second, skeletal muscle is the main site of insulin-mediated glucose disposal, so reduced muscle mass with increased visceral fat may result in insulin resistance, thereby accelerating systemic arteriosclerosis. We previously showed that the ratio of high molecular weight to total adiponectin, a better predictor for insulin resistance, is positively correlated with both baPWV and CAVI in HD patients [29] .
Third, both sarcopenia and abdominal adiposity are well correlated with proinflammatory status [40, 48] . Because serum C-reactive protein is an independent risk factor for baPWV in dialysis patients [49] , increased arterial stiffening may reflect the presence of an inflammatory reaction at arteries in the whole body.
Finally, low physical activity is associated with increased baPWV in middle-aged to elderly men [34] . Sedentary life is very common in HD patients and links to muscle atrophy and visceral fatness. Recently, a randomized controlled study [50] has demonstrated that moderate-intensity resistance exercise training (3 days per week) for a 12-month period concomitantly improves cfPWV, cardiopulmonary fitness and abdominal adiposity in patients with CKD stages G3-G4.
Possible underlying mechanisms between sarcopenia, visceral adiposity, vascular calcification and arteriosclerosis are presented in figure 1 .
Arterial Stiffening and Cognitive Function
Arterial stiffness appears to play a major role in the relationship between hypertension and its consequence in the brain, including cognitive impairment and the pathological features of Alzheimer's disease. Aortic stiffness loses its cushioning capacity, and thus pulsatile pressure is easily transmitted to the brain vessels. Increased pulse pressure in the brain can provoke structural changes and dysfunction of its microcirculation, resulting in damage to small cerebral vessels. This, in turn, leads to cerebral hypoperfusion, thereby causing brain atrophy particularly in the areas of the frontal-subcortical brain that specifically control executive and motor function, and thus impairing cognitive domains [51] .
Recently, β-amyloid plaque deposition in the brain on positron emission topography imaging has been shown to be more strongly associated with baPWV than cfPWV in elderly adults aged 83-96 years [52] . A systematic review revealed that increased baPWV or cfPWV is associated with radiological findings of cerebral small vessel disease, such as white matter hyperintensity or lacunar infarction, and decreased cognitive function in general subjects [53] . CAVI was also independently associated with cerebral small vessel disease in healthy young and middle-aged subjects [54] . A high CAVI value is predictive of cognitive decline over 4 years in community-dwelling elderly people [55] .
In patients with end-stage kidney disease, baPWV was associated with the spot number of silent lacunar infarction on brain MRI [17] . However, the link between arterial stiffening and cognitive decline and dementia remains to be clarified in dialysis patients.
Summary
Besides CV morbidity and mortality, there is evidence that arterial stiffening is related to sarcopenia and abdominal visceral fatness in HD patients. Reduction of thigh muscle mass is inversely correlated with arterial stiffness in male patients. Abdominal fatness is negatively
